Abstract This paper presents the design, optimization and fabrication of an EHD air pump intended for high-power electronic chip cooling applications. Suitable high-voltage electrode configurations were selected and studied, in terms of the characteristics of the generated electric field, which play an important role in ionic wind flow. For this purpose, dedicated software is used to implement finite element analysis. Critical design parameters, such as the electric field intensity, wind velocity, current flow and power consumption are investigated. Two different laboratory prototypes are fabricated and their performances experimentally assessed. This procedure leads to the fabrication of a final prototype, which is then tested as a replacement of a typical fan for cooling a high power density electronic chip. To assist towards that end, an experimental thermal testing setup is designed and constructed to simulate the size of a personal computer's CPU core of variable power. The parametric study leads to the fabrication of experimental single-stage EHD pumps, the optimal design of which is capable of delivering an air flow of 51 CFM with an operating voltage of 10.5 kV. Finally, the theoretical and experimental results are evaluated and potential applications are proposed.
Introduction
It has been known since the early 17th century, by the observations of Italian Jesuit Niccolo Cabeo [1] , that an air flow, later named 'ionic wind', may be observed between two asymmetric high-voltage electrodes. Cabeo was unable to explain the phenomenon and thus the first scientific record of ionic wind is credited to Francis Haukbsee [2] , whose experiments were afterwards repeated by Isaak Newton [3] . Even though scientists observed and recorded the phenomenon, they lacked the knowledge to fully explain it for centuries. The first realistic quantitative analysis of ionic wind had to wait for A.P. Chattock [4] , whose work was extended over half a century later, in 1954, by E. Lob [5] . Ionic wind has been related to the corona discharge current that flows between a high-voltage emitter of small dimensions and a large collector at zero potential. Even in the 20th century, very few researchers analyzed ionic wind mechanisms and the related electro-hydrodynamic (EHD) effects. However, in the 21st century there has been a growing interest in potential EHD engineering applications, such as propulsion [6−8] , cooling [9] , pollution control [10] , or even agricultural applications [11] .
One of the most promising applications of electrohydrodynamics is the creation of ion-driven gas pumps for small-scale fluidic applications and/or thermal cooling configurations [12−15] . Ionic wind cooling holds great industrial interest because it does not require any moving parts, which might lead to a mechanical failure, making it ideal for small-scale electronic component cooling and micro-scale liquid pumping in pipes. Lately, several papers have been published regarding the performance of various emitter-to-collector electrode configurations [16, 17] . Nevertheless, the first practical application of utilizing an EHD pump to cool highpower density electronic components saw the light of day in early 2009, with an EHD pump being retrofitted inside a laptop [18] . However, several critical parameters of the device presented in the particular study, such as the maximum wind speed and efficiency, still remained unclear. A more recent work shed light on some of the most critical parameters for a particular electrode configuration, yet, as the authors pointed out, more research is required to determine all the critical parameters, such as the generation of ozone [19] .
In this paper, a prototype EHD air pump design is presented, the performance of which is evaluated for use in practical cooling applications. The electrode configu-ration is selected and optimized through finite element software application, while the finalized prototype is tested on an experimental thermal testing unit simulating a personal computer's CPU core.
Methodology
Two prototypes were fabricated for this study, one needle-grid prototype and one wire-grid prototype. These two particular electrode configurations were selected as they are capable of generating a strongly inhomogeneous field, which is the driving factor of the EHD effect [20, 21] . In order to determine the optimal geometrical characteristics of the electrode configuration for each of the experimental prototypes, finite element analysis was performed using appropriate software. The selection of an appropriate collector grid size and the number of emitter electrodes were based on the results of FEA analysis, which also narrowed the range of the spatial parameters within that of the experiments performed.
Once the simulation was completed, the two experimental prototypes were fabricated. Each prototype had been experimentally tested in order to determine the most suitable configuration, as well as its optimal spatial parameters.
After the electrode configuration was determined, the final experimental prototype was fabricated and tested. Experiments were performed to determine the final performance and energy consumption of the prototype. The capability of replacing a typical fan with the final prototype was also explored by performing thermal experiments on a thermal testing unit designed for this purpose.
Electrode geometries
In order to make the results of the simulations usable and comparable with each other, a full set of simulations was run for both electrode configurations under investigation, i.e. the multiple wire-grid and multiple needle-grid. Figs. 1 and 2 display a 2D schematic, where the critical geometrical parameters, a, b, d, r and R, of the selected electrode configurations are shown. These play an important role in the electric field distribution and, therefore, have been fully investigated via numerical simulations. It should be noted that all the wires or needles are connected to a constant potential (high voltage), while the grid is always connected to the electrical ground. The ionic wind is always following the direction of the electric field, thus flowing towards the grid.
The sizes and distances of the electrodes were selected between viable figures for fabrication, and simulations were run for every possible combination, according to the values shown in Table 1 . 
Finite element analysis
Considering that this research investigates the feasibility of using an EHD pump to replace the cooling fan of a high thermal density chip, calculations need to be performed for a specimen with a diameter of at least 70 mm. Therefore, numerical simulations were conducted to investigate the performance of both selected electrode configurations. Each simulation was performed in relation to the estimated size and conditions involving the future experimental apparatus, with an aim of optimizing the device's design prior to its fabrication. For this purpose, the open source software FEMM ver.4.2 (Finite Element Method Magnetics) was used to assess the effect of various parameters and select the optimal designs for fabrication [22] . In fact, this work involves a complex problem that combines electrostatics with fluid mechanics in an atmospheric air environment. Since the electric field is a governing parameter determining the generation of ionic wind, the problem has been preliminarily approximated as an electrostatic one. Our analysis was focused on defining the optimal geometric characteristics of selected electrode configurations, within the practical limits of a feasible and cost-effective prototype. The prototype should create a highly inhomogeneous electric field with the maximum possible strength around the emitting electrodes (wires or needles), maintaining, at the same time, the total electric field energy at a high level within the space between the electrodes. For this purpose, the electrostatics module of FEMM was used to calculate the stored energy and mean field intensity of the configurations under study. These figures are indicative of the apparatus' performance while it is operating as an EHD pump. The built-in FEMM parameters, shown in Table 2 , which needed to be properly defined prior to a simulation, were adjusted to their optimal values according to the literature [23] , and were verified to be the optimal values for this study as well. It should be noted that the selected electrode geometries can be easily modeled in two-dimensions due to the symmetrical distribution of the electric field in the third dimension.
3 Experimental setup
Measurement equipment
The experimental setup and measurement equipment used for the experimental evaluation of the pump prototypes are shown in Fig. 3 . The required high voltage for the generation of ionic wind was supplied by an adjustable high-voltage power source (Matsusada Precision W Series). A Norma LP10 multimeter combined with a Coline HV40B 40 kV 1000 : 1 high-voltage probe was used for measuring the applied voltage to the prototypes, with an accuracy of 1%. The current readings (corona current) were acquired by a Thurlby 1503 high-precision ammeter with 1 nA sensitivity. An RTM AM-4836V anemometer (2% accuracy) was adapted at the outlet of the pump, at a fixed distance of 3 cm away from the grid, to measure the exit air wind speed and volume. Its axis was aligned with the wind flow direction. Finally, noise measurements were performed using an SL-5868P digital sound level meter. 
Thermal testing unit
As this study is focused on determining the possibility of replacing cooling fluid pumps, typically electric air fans, with an electrohydrodynamically driven fluid pump, the thermal performance of such a cooling setup had to be explored as well. Therefore, a thermal testing station, as described in the following paragraphs, was fabricated for gathering experimental results via a repeatable and controllable testing process. A copper block is used to simulate the CPU core, and a K-type temperature probe was inserted into the copper block from the side, 100 µm below the top, with a second probe monitoring the ambient air temperature. A heater cartridge was inserted into the copper block vertically from its bottom and a silicone heat transfer compound was used to fill any air cavities. The motherboard of a computer was emulated using a 1 mm thick copper PCB, on which the cooler plastic retention brackets were mounted, with the copper block extruding 8.2 mm from the PCB. This is the estimated height of an Intel LGA1155 socket CPU according to the LGA1155 socket design guide [24] . The copper block was wrapped with a thermal insulating tape (U <0.12 W/m 2 K), obstructing heat transfer from the sides of the block due to convection and/or radiation, and a typical aluminum CPU cooler installed on the testing station, the ARCTIC Alpine 11 Plus [25] . 
FEMM analysis results
The first set of simulations involved the investigation of a multiple needle-grid configuration. Simulations were run for a needle with a point radius r of 32 µm, which was the smallest available for the forthcoming fabrication of the experimental models. Furthermore, the needles were made of stainless steel, with a diameter of 1 mm and a length of 35.4 mm.
In order to firstly determine the optimal collector grid configuration, the first set of simulations took place with only one emitter electrode placed at the center of the cylinder. The grid conductors had a cross-section with radii (R) of 250 µm, 500 µm and 1000 µm, and the interstices between them (a) were 1 mm, 2 mm, 5 mm, 10 mm and 20 mm, while the air gap distances (d) were 5 mm, 10 mm and 20 mm. According to mentioned above condition, 45 possible combinations corresponding to different electrode configurations were simulated with FEMM.
The simulation results showed that for lower values of a (thicker grid) the field equipotentials are more uniform, as expected, because the electrode arrangement strongly resembles a pin-to-plate configuration. On the other hand, a thicker grid also restricts airflow, which is problematic for the intended purpose of this design. In addition, as displayed in Fig. 6 , the field homogeneity also grew as the gap d between the electrodes increased. Fig. 7 displays the stored energy in the air space of the model, which serves as an indicative value of the kinetic energy acquired by the electric carriers. It is clear that for smaller values of a, the field energy is higher, but that would restrict the airflow too much for a practical application. On the other hand, the stored energy difference between a 1 mm and 2 mm grid aperture size is minimal. The second set of simulations investigated the behavior of a multiple wire-grid electrode configuration. A set of 45 simulations, as previously mentioned, was performed for wires with a cross-section radius r of 50 µm. Much like the needle-grid configuration, equipotential screenshots showed that for lower values of a, the electric field inhomogeneity is enhanced. On the other hand, increasing distance d generally results in a more homogeneous electric field distribution, the same effect as increasing the grid aperture a (Fig. 8) . Fig. 9 displays the stored energy in the space of the model. Even though the stored energy appears to be inferior to what the needle-grid configuration achieves, the results are not directly comparable because the body of the needle functions as a capacitor, and storing energy that has no end use. Again, smaller grid apertures display favorable results, but they will gravely affect airflow, while the difference between the 1 mm and 2 mm aperture sizes is virtually minimal.
The simulations also showed that the mean field intensity when a grid with a 2 mm aperture is used is nearly identical, and even higher under certain circumstances, to the mean field intensity with a 1 mm aperture regardless of the collector grid wire radius. Figs. 10 and 11 display the mean field intensity for different grid apertures over a collector-emitter electrode distance of 5 mm for the needle-grid or wire-grid configurations, respectively. Aside from the optimal size and thickness of the collector grid, further analysis was necessary to optimize the overall performance of the design. First and foremost, the finalized design will make use of a multiple rather than a single emitter electrode, making it necessary to investigate what is the optimal number of emitters. Thus, two more sets of simulations were run for the optimal R, a and d of each design but for multiple emitter electrodes.
Simple reasoning would suggest that the largest possible number of emitter electrodes should generate the most powerful possible flow; however, this is not the case with EHD pumps, as too many emitters will generate a field too uniform for the EHD phenomenon to deliver fruitful results, as no electro-rheological effects are observed in uniform electric fields [20] . For each of the needle-grid and wire-grid configurations, two simulation sets were performed, each set for a distance between the emitter and the collector of 5 mm and 10 mm respectively, for a collector radius of 500 µm, collector electrode interstices of 2 mm and five emitter electrode interstices. In both of the simulation sets, the five emitter electrode interstices b that the simulation was performed for were 2.5 mm, 5 mm, 10 mm, 15 mm and 25 mm. Figs. 12 and 13 display the normalized graphs of the stored energy and maximum field intensity (E max ) versus the number of emitter electrodes for the needle-grid and wire-grid configurations, respectively. Fig.12 Needle-grid normalized field intensity and stored energy Fig.13 The wire-grid normalized field intensity and stored energy Fig. 12 suggests that the optimal needle-grid design with an emitter-to-collector distance of 5 mm would require about nine emitters, meaning that the emitter interstices b would have a value of about 7 mm. For a distance of 10 mm, the number of emitter electrodes would be about six, leading to an emitter interstice value of about 12.5 mm.
Similar results were extracted for the wire-grid configuration displayed in Fig. 13 . As the fabricated experimental EHD pump will be tested over both emitterto-collector electrode distances, seven emitters with an interstice b value of 10 mm were considered to be the optimal selection for the experimental setup.
Pressure drop evaluation and collector grid selection
The preceding analysis was based solely on the distribution of the electric field between the electrodes, which primarily determines the ionic wind flow. From the fluid-dynamic point of view, the wire diameter of the grid and the aperture size of its grid have a great impact on the ionic wind flow through the grid; thus requiring further investigation. As the literature suggests [26] , a very dense grid would enhance the performance of the EHD phenomenon itself, but simple logic dictates that such a configuration would also restrict fluid volume flow, rendering the EHD pump obsolete for real-world applications. As this is a single phase flow problem, the pressure drop may be calculated using the following formula [27] :
where K is the spacer loss coefficient, ρ is the fluid density and U is wind velocity. There are numerous ways to estimate the spacer loss coefficient K, but formulas have been already developed for several geometries [28] . According to Idelchik, the spacer loss coefficient of a circular metal wire grid depends on the Reynolds number, according to formulas 2, 3 and 4: 
where D is the diameter of the cylinder, U the flow velocity and ν the kinematic viscosity of the fluid. Although a very dense collector grid generates a strongly inhomogeneous electric field which aids the EHD mechanics [26] , the pressure drop induced by the collector grid needs to be accounted for when considering a real world application. Through the aforementioned formulas by Saha and Idelchik (1) (2) (3) (4) (5) , the pressure drop that nine different collector grid geometries would induce has been calculated for an indicative fluid velocity of 1 m/s, an achievable figure according to the literature [13, 17] . The results are shown in Fig. 14 . It is clear that a grid with an aperture size of 1 mm would impose a far greater pressure drop than a grid with a 2 mm aperture, without any other significant advantage according to the finite element simulation results. On the other hand, the pressure drop induced by a grid with a 2 mm aperture is not significantly higher than that of a grid with a 5 mm aperture, while the former does present a distinct advantage in field intensity and stored energy figures. Therefore, we can safely assume that a collector electrode grid with a 2 mm aperture would be optimal for such an application.
EHD pump prototype evaluation
According to the numerical simulation results and pressure drop assessment, eight experimental EHD pump prototypes were fabricated, four based on a wiregrid configuration and four on a needle-grid configuration. All four prototypes were built inside a PVC pipe with an internal diameter Φ of 74 mm. The basic geometric parameters of the eight designs can be seen in Table 3 .
Although the simulations were performed for 500 µm and 250 µm collector wire radii, R, there are no products with these identical characteristics on the market. Therefore, the closest two options were a 560 µm wire grid with a nominal aperture of 61% and a 200 µm wire grid with a nominal aperture of 81.8%.
For the needle-grid designs, stainless-steel needles with 35.4 mm long, 1 mm wide, and with a tip radius r of 32 µm were used, while copper threads with a diameter of 100 µm were used to create the emitters of the wire-grid set-up. An indicative 3D schematic of the experimental EHD pump configurations is displayed in Fig. 15. 
Needle-grid EHD pump prototype performance
The second round of experiments was performed for the purpose of evaluating the performance of the needle-grid electrode configuration. Four sets of experiments were performed, with the first two exploring the capabilities of the configuration over an emittercollector electrode distance of 5 mm. Over this distance, breakdown occurred when 6.2 kV was applied to the emitter electrode regardless of which grid was in use. As can be seen in Fig. 16 , the use of a 200 µm grid reduces the voltage required to be applied to the emitter electrode for the experimental EHD pump to start producing mechanical work down to 4.2 kV. There is a small but measurable improvement on the airflow when using a 200 µm grid as a collector electrode. Increasing the distance between the electrodes allowed the generation of higher wind speeds, which, however, requires a much higher voltage to be applied to the emitter electrode. Fig. 17 displays the exit wind speeds achievable through these configurations.
As Fig. 18 indicates, the power consumption gap between the two grid sizes closes once the distance between the emitter and the collector increases to 10 mm. Using the 560 µm grid also improves the electric strength of the configuration, as breakdown occurs 1 kV higher than when a 200 µm grid is used; however, higher voltages are required to achieve similar air-flow performance. Fig.17 The wind speed of the needle-grid configuration, d=10 mm Fig.18 The power consumption of the needle-grid configuration, d=10 mm
Wire-grid EHD pump prototype performance
The first four sets of experiments were performed to assess the performance of the wire-grid configuration. The results from testing the apparatus with a collectoremitter electrode distance of 5 mm were discouraging, as the short distance would initiate a breakdown too quickly for it to produce a useful mechanical effect for the end application. At a distance of 5 mm, the experimental EHD pump can only produce a wind stream just powerful enough to move the blades of the anemometer before breakdowns become a frequent phenomenon, as random breakdowns occur when the applied voltage exceeds 5.6 kV. As can be seen from Fig. 19 , there is hardly any usable flow if the applied voltage is below 5.6 kV; therefore, this configuration does not produce any usable mechanical work for the end application proposed in this paper.
Although the results from testing the wire-grid electrode configuration at a distance of 5 mm were disheartening, the performance of the experimental EHD pumps improved significantly after the collector-emitter distance was increased to 10 mm. However, the required emitter electrode voltage increased significantly as well. The configuration making use of the 560 µm grid displayed an inception voltage at 7.3 kV and no useful mechanical work could be observed below 8 kV; about 2.5 kV higher than that with the previous configuration over twice the electrode distance. Periodical breakdowns occur if a voltage higher than 9.8 kV is applied to the emitter, at which point, however, the wind speed has already reached 0.9 m/s, producing a usable air stream flow. The configuration utilizing the 190 µm grid, however, displayed a distinctive advantage regarding both the exit wind speeds and the stability of the system as breakdowns initiated at 11.8 kV, more than 2 kV higher than that with the previous configuration. The significantly reduced air resistance that the 200 µm grid imposes allows this particular configuration to achieve higher wind speeds at lower voltages. On the other hand, the higher electric strength permits the application of higher voltages to the emitter, which in turn generates higher wind speeds. Nevertheless, as Fig. 20 suggests, it should also be noted that the power consumption is significantly increased. Fig. 21 displays the exit wind speed of the aforementioned configurations. Fig.19 The wind speed of the wire-grid configuration, d=5 mm Fig.20 The power consumption of the wire-grid configuration, d=10 mm Fig.21 The wind speed of the wire-grid configuration, d=10 mm
Comparison of experimental results for prototype performance
Over an emitter-to-collector distance of 5 mm, the needle-grid configuration appears to have a significant practical advantage. While the wire-grid configuration is barely able to safely generate mechanical work without electrical breakdowns, the needle-grid configuration not only presents a much lower phenomenon inception point (Fig. 22) , but also produces viable mechanical work figures (Fig. 23) , capable of safely and continuously delivering an air flow of 0.9 m/s, which translates to a volume flow of 8.2 CFM. Once the emitter-collector electrode distance is increased to 10 mm, however, the wire-grid configuration does display much higher electric strength, allowing a higher voltage to be applied to the emitter electrode (Fig. 24) . As a result, the configuration manages to deliver exit air velocities higher than 1.8 m/s (Fig. 25) and an air volume flow of 16.7 CFM, equivalent to that of a 70 mm 12 V DC computer fan revolving at 2000 RPM [29] . However, the voltage required to be applied to the emitter electrode to achieve this kind of airflow exceeds 11.5 kV. After studying the results of the previous paragraphs, it appears that the optimal geometrical configuration was the wire-grid configuration, with an emitterto-collector distance d of 10 mm, a distance between the emitter electrodes b of 10 mm, and with a 200 µm collector grid with an aperture a of 1.8 mm and a wire radius R of 200 µm. Fig. 26 displays the power to wind speed to voltage graph of the selected prototype.
The choice is not made in view of the maximum speed alone, as the electric strength of the design is also a vital factor, since the experimental EHD pump can safely operate for prolonged periods of time, even when the voltage applied to the emitter exceeds 11.5 kV. Therefore, as the performance of the particular design remains satisfactory when the voltage is reduced, it offers the possibility to operate with an applied voltage much lower than the breakdown limit, offering additional long-term reliability and protection from random breakdowns, which could be caused by changes in the air quality. 
Prototype testing and performance
Testing was conducted on the thermal testing unit for four thermal loads, ranging from 20 W up to 80 W. In order to test the setup under realistic conditions, the emitter voltage applied was set at 10.5 kV, significantly lower than the breakdown limit of the particular configuration, with long-term reliability and breakdown resistance in mind. The 92 mm fan used for comparison revolves at 1200 RPM, at which speed the fan has a power consumption of 0.9 W. On the other hand, the finalized EHD pump displays a power consumption of 2.15 W, which is also very low, though higher than that required by the motorized fan. However, this energy consumption also includes undesirable corona losses at the components, which could be minimized, provided accurate workmanship becomes feasible (e.g. in mass production).
On the other hand, however, the noise level 1 m away from the experimental setup was up to 32.6 dB(A) when the motorized fan was used and 31.4 dB(A) when the experimental EHD pump was used. Considering that the decibel scale is logarithmic, the difference in terms of operating noise is minor but measurable. Table 4 displays the results of the thermal experimentation, as they were extracted from testing both the experimental EHD pump and a motorized 92 mm fan on the artificial thermal testing setup.
As can be seen from Fig. 27 , the experimental EHD pump offers thermal performance comparable to that of the 92 mm motorized DC fan. The performance gap is slightly larger or reduced when the thermal load is small or increased, respectively. This is caused by the increasing heatsink temperature, which in turn enhances radiation losses due to the large temperature difference between the cooling body and the surrounding environment. Fig.27 The core to ambient temperature delta thermal testing results
Conclusions
An experimental EHD pump prototype designed for the purpose of cooling a high power density electronic chip was presented in this paper. First the simulation results and then the actual prototype testing showed that EHD pumps do have very good potential for practical applications. The final prototype presented in this study is capable of delivering a maximum wind speed of 1.4 m/s and, consequently, an air flow of 51 CFM, with an operating voltage of 10.5 kV. It should also be noted that the wire-to-grid design presented in this study is very simple to fabricate and thus a highly cost-effective solution. Based on the results of our experimental setup, EHD pumps could very well replace mechanical air pumps, not only for high power density electronic chip cooling applications, but for several other applications where the pumping of small air volumes is required. This is especially true for applications where acoustic comfort is a concern and/or when vibrations need to be minimized, since, due to the lack of moving parts, EHD pumps produce no vibrations at all.
Future work could possibly be pursued in the development of multistage EHD pumps, by cascading different electrode pairs in line to increase the fluid pressure and, ultimately, the volume flow. 
